The tonsil crypt epithelium contains membranous (M)-cells that transport antigens from the lumen to underlying lymphoid cells, thereby initiating specific immune responses.
Introduction
The current concept of mucosal immune protection comprises sampling of foreign material followed by local proliferation of antigenspecific B-and T-lymphocytes. These immunocompetent cells subsequently migrate to distant mucosal sites to protect them from infection (reviews by Dunkley et al., 1995; Brandtzaeg et al., 1989) . The initial sampling is performed by specialized epithelial cells, M-cells, which permanently endocytose antigens from the lumen, transport them across the epithelium, and release them into intraand subepithelial spaces populated by lymphoid cells (Gebert et al., 1996; Owen, 1977) . Tracer studies revealed that M-cells internalize not only soluble substances, but also small particles and entire microorganisms (Gebert et al., 1994; Amerongen et al., 1992) . It is assumed that several pathogenic bacteria and viruses, e.g., Salmonella, Shigella, and Polio, exploit this pathway to penetrate the epithelial barrier and thus to invade the host ( Jones et al., 1994; Perdomo et al., 1994; Sicinski et al., 1990) . The interactions of such pathogens with the M-cells are poorly understood but have poten-' Supported by the Deutsche Forschungsgemeinschaft (Ge647/2-1). * Correspondence to: Abteilung Anatomie 2, Medizinische Hochschule Hannover, D-30623 Hannover, Germany. ing, with no discernible preference for any of the cell types. Double labeling of UEA-I together with anti-vimentin antibodies revealed that UEA-I-positive epithelial cells also contained the rabbit M-cell marker vimentin, and vice versa.
The results show that a specific composition of glycofonjugates, which differs from that on squamous epithelial cells, is found on M-cells of the rabbit tonsil. The M-cell-specific glycoproteins and glycolipids could be selectively targeted by microorganisms that adhere to M-cells and enter the host along this pathway. (JHistocbem Cytochem 44:1033-1042, tial clinical relevance for the prevention of infections, drug targeting, and M-cell-mediated vaccinations (Shalaby, 1995) . Previous studies revealed specific carbohydrate compositions on the apical surface of intestinal M-cells in mice and rabbits, which are assumed to serve as binding sites for pathogenic microorganisms (Giannasca et al., 1994; Clark et al., 1993; Gebert and Hach, 1993; Jepson et al., 1993a) .
The palatine tonsils, situated in the lateral wall of the oropharynx, are permanently in contact with and critically respond to potential pathogens ingested with nutrients (Anderson, 1974) . The presence of M-cells in the multilayered squamous epithelium of the rabbit palatine tonsils was initially demonstrated by electron microscopy (Ollh and Everett, 1975) . Immunohistochemistry revealed that these M-cells exhibit the rabbit M-cell marker vimentin, and tracer experiments showed that antigen uptake in the tonsil crypt is performed by these cells (Gebert, 1995) . The aim of the present study was to describe the carbohydrate composition in the glycocalyx of the apical membrane of M-cells in the rabbit tonsil. Because M-cells are difficult to identify by light microscopy and, in the tonsil epithelium, have a complex spatial structure (Gebert, 1995) , electron microscopy and on-section lectin-gold labeling were performed. A panel of eight lectins with well-defined carbohydrate specificities was selected for this purpose, including the specificities typically found on epithelial cells. 
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Materials and Methods
Animals and Tissue Processing. Adult male rabbits (weight 2.2-3.0 kg. Chinchilla strain; n = 4) were anesthetized IV with sodium pentobarbital (WDT Garbsen, Germany). The palatine tonsils were removed, rinsed in Ringer's solution for 5-10 sec to remove mucus and detritus, and immediately immersed in a solution containing 2% formaldehyde and 0.1% glutaraldehyde (grade I; Sigma, Deisenhofen, Germany) in 0.1 M phosphate buffer, pH 7.3, for 4 hr. Then the animals were sacrificed by intracardial injection of T6l (Hoechst; FrankfurtlM, Germany). The animal experiments were approved by the local government of Lower SaxonylGermany (TS-No. 604-42502-94l719) . Small tissue blocks of about 1 mm3 were rinsed in phosphate buffer overnight, partially dehydrated in graded steps of ethanol dilutions, and transferred to a 1:l mixture of ethanol 70% and LR White resin, medium grade (Plano; Marburg, Germany). After infiltration overnight in pure resin, the samples were enclosed in gelatin capsules and allowed to polymerize at 50°C for 48 hr. Ultrathin sections, 60-90 nm thick, were cut from the blocks and mounted on uncoated 200-mesh nickel grids.
Lectins. The lectins used in this study were conjugated to IO-nm colloidal gold or to biotin. Lectins, abbreviations, carbohydrate specificities, and references for lectin specificity are listed in Table 1 . For each lectin several dilutions were tested, and the optimal dilution with maximal labeling intensity and minimal unspecific binding to the LR White resin was determined. These optimal working dilutions are listed in Table 2 . The lectin conjugates were purchased from Sigma or EY Labs (Medac; Hamburg, Germany). Saccharides for controls were purchased from Sigma or Serva (Heidelberg, Germany).
Lectin-Gold Labeling. The lectin-gold labeling procedure was performed with PBS, pH 7.3, containing 5% bovine serum albumin (BSA-c; Biotrend. Cologne, Germany) and 0.1% sodium azide. Free aldehyde groups were blocked for 15 min in a drop of this buffer (PBS-BSA) containing 1% lysine. After rinsing in PBS-BSA containing 0.1% coldwater fish skin gelatin (Biotrend), 5% normal goat serum (Sigma), and 0.05% Tween 20 (Serva), the sections were incubated with the lectins, diluted in PBS-BSA, at 4°C overnight. Grids labeled with one of the gold conjugates were rinsed in buffer, air-dried, and stained as stated below. Grids labeled with one of the biotin conjugates were rinsed in PBS-BSA for 30 min and incubated for 4 hr with a goat anti-biotin antibody, conjugated to 10-nm colloidal gold (Biotrend; or BioCell, Cardiff, UK), diluted 1:50 in PBS-BSA. After rinsing, the grids were treated with 2% glutaraldehyde in PBS, washed in distilled water, and stained with uranium acetate and lead citrate.
Controls. To exclude unspecific binding of the anti-biotin antibody, controls were incubated with pure PBS-BSA instead of lectin-biotin conjugate. Controls of the lectin binding specificity were performed by preincubation with the corresponding monosaccharides. Lectin stock solution (1 mglml) was mixed with a 0.6 M solution of the saccharide in PBS (1:l) and diluted to the final concentration of the lectin. For lectin dilutions and saccharides used for these controls, see Table 2. Lectin-Antibody Double Labeling. The lectin labeling protocol described above was modified for on-section double labeling with monoclonal vimentin antibody V9 (Sigma) and Ulexeuropaeus agglutinin (UEA-I).
Instead of the lectin-gold conjugate, a 1:l mixture of UEA-I-biotin (20 pglml) with MAb V9 (1:400) was used. . 4 mixture of gold-conjugated polyclonal antibodies against biotin and mouse IgG. conjugated to IO-nm and 20-nm colloidal gold, respectively, was used for the secondary incubation step. The secondary antibodies were purchased from BioCell.
Results
The crypt epithelium of the rabbit palatine tonsil is composed of squamous epithelial cells, M-cells, and many intraepithelial lym- phocytes (Figure la) . Whereas the squamous epithelial cells are covered by short microfolds, the M-cells possess long. irregular microvilli. The M-cells are in close contact with lymphocytes and often engulf them. Many small vesicles are present in the thin apical cytoplasmic rim of the M-cells. which separates the lymphoid cells from the lumen of the crypt ( Figure Ib) .
For all lectins, the overall labeling intensity of the biotin conjugates exceeded that of the gold conjugates. However, no differences were observed in the labeling patterns between the two conjugates of each lectin. The labeling patterns described below were constantly seen in all rabbits investigated.
UEA-I
The lectin UEA-I showed a distinctive binding pattern that correlated with the ultrastructural appearance of the epithelial cells. Intense labeling was seen on the surface of all M-cells ( Figure 1 ). The Uexlectin bound intensely to the glycocalyx of the apical membrane and to the membrane of vesicles in the apical cytoplasm. Compared to these membrane domains, a lower labeling intensity was observed at the basolateral membrane, including the pocket membrane that faces the intraepithelial lymphocytes. The surface of the squamous epithelial cells bound only very few gold particles (Figure 1) . 
P A
The Lotus lectin preferentially bound to the apical membrane and to the vesicles of M-cells. Although these regions were positive in most of the M-cells, a subpopulation of the M-cells remained almost unlabeled. The squamous epithelial cells showed little binding of LTA, differing in intensity from cell to cell.
HPA and W A
The binding patterns of HPA and W A were almost identical and resembled that of UEA-I. Whereas the glycocalyx of the apical and vesicular membranes of M-cells was intensely stained (Figure 2a ). only a few gold particles were seen on the membranes of the squamous epithelial cells. The overall staining intensity of HPA was lower than that of UEA-I but exceeded that of W A at equal dilution of the lectins and also at the working dilutions given in Table 2 .
PNA and RCA-I
The lectins PNA and RCA-I showed almost identical labeling patterns and therefore will be described together. PNA and RCA-I bound avidly to the outer membranes and to vesicles and other cytoplasmic structures of the squamous epithelial cells (Figure 3) . Although most of these cells were intensely stained, some heterogeneity in the labeling intensity was observed. In contrast, little or even a lack of adherence of PNA and RCA-I to the apical, basolateral, and vesicle membranes of M-cells was a constant feature (Figure 3 ). 
WGA and ConA
The lectins WGA and ConA revealed very little or even a lack of affinity for all cell types in the crypt epithelium (Figures 4 and  5) . Because of the high concentration of the lectins at working dilution (Table 2) . some overall background staining, probably caused by thr LR White resin, was seen.
Co n trols
Sections incubated with buffer instead of the lectin-biotin conjugates completely lacked gold particles. Preincubation of goldor biotin-conjugated lectins with their corresponding monosaccharides (Table 2) considerably reduced the labeling intensity for LTA. HPA (Figure 2b) , W A , RCA-I, and PNA. Binding of UEA-I, WGA, and ConA was completely abolished.
Double Labeling of UEA-I with Anti-vimentin Antibody V9
To determine whether the epithelial cells labeled by UEA-I. LTA, HPA, and VVA are indeed M-cells, double labeling for UEA-I together with vimentin immunohistochemistry was performed. Because the lectin binding sites were located in the apical cytoplasm and the vimentin immunoreactivity in the basal perinuclear cytoplasm (Gebert, 1995) , section profiles were selected that showed both regions. Whenever a vimentin-positive cell reached the lumen, intense binding of UEA-I to the apical membrane and, if present in the section, to vesicles was found ( Figure 6 ).
Discussion
The results show that the two epithelial cell types constituting the crypt epithelium of the rabbit palatine tonsil differ in the lectin binding properties of their glycocalyx. Whereas the M-cell surface Table 3 preferentially bound UEA-I, LTA, HPA. and W A , that of squamous epithelial cells preferentially bound PNA and RCA-I (Table  3) . Low reactivity with no apparent specificity for any of the cell types was found for WGA and ConA. The selective binding of UEA-I and LTA to the M-cells indicates that their glycocalyx is rich in terminal a-L-fucose residues. The binding of HPA and W A to M-cells further indicates the presence of N-acetyl-D-galactosamine residues. In contrast, galactose residues prevail in the glycocalyx of the squamous epithelial cells, as detected by PNA and RCA-I. These differences in the composition of terminal carbohydrates correspond with the surface structure of the cells, the presence of vesicles in the apical cytoplasm and the association with intraepithelial lymphocytes. In addition, the intermediate filament vimentin, which is regarded an M-cell marker in rabbits (Gebert. 1995; Gebert et al., 1992; Jepson et al., 1992 Jepson et al., .1993b . is expressed by the UEA-I-positive epithelial cells, as shown by the double labeling experiments. Because lectins are sensitive tools for defining cell types and differentiation , these findings support the hypothesis that the M-cell of the palatine tonsil represents a separate cell type that differs from the remaining epithelial cells not only in morphology and function but also in the composition of the cytoskeleton and the glycoconjugates of the apical surface. Preincubation of the lectins with their corresponding monosaccharide drastically reduced or abolished their binding, indicating that the lectin conjugates specifically bound to carbohydrates identical with or similar to these saccharides. The carbohydrate specificity of the lectins is further supported by several biochemical and histochemical studies given as references in Table 1 [see Goldstein and Poretz (1986) for a general review]. The tonsillar M-cells preferentially bound UEA-I and LTA. Although both lectins are specific for a-tfucose (Pareira et al., 1978; Pareira and Kabat, 1974) . LTA recognized only a subpopulation of the cells that were identified as M-cells by morphological criteria and the UEA-I label. Petryniak and , using biochemical methods, described differences in specificity between UEA-I and LTA and concluded that UEA-I is reactive with H Type I oligosaccharides (Pareira et al., 1978) . whereas LTA is nonreactive (Pareira and Kabat, 1974) . It can be assumed that the distinct labeling patterns of UEA-I and LTA reflect such differences in carbohydrate composition and may indicate the presence of subtypes or varying functional states of the tonsillar M-cells. This view is further supported by observations of Giannasca et al. (1994) . who applied fucose-specific lectins and blood group-specific antibodies to mouse Peyer's patches. They showed that M-cells of the small intestine likewise represent a heterogeneous group, composed of subpopulations that can be defined on the basis of their fucose-containing glycoconjugates.
. Binding of lectins t o M-cells and squamous epithelial cells of the rabbit tonsil crypt epitheliud
Fucose and N-acetyl-galactosamine residues were detected not only on the apical membrane but also on the membrane of vesicles in the apical cytoplasm of the M-cells. It can be assumed that at least a subpopulation of these vesicles originates from the apical membrane to transport antigens from the lumen to the intercellular spaces by transcytosis. This transcellular route has been documented for tonsillar M-cells by the fluid-phase marker peroxidase (Gebert, 1995) and for M-cells of the intestine by various soluble and solid tracers (Ermak et al., 1995; Amerongen et al., 1992; Owen, 1977) . Such substances and likewise complete microorganisms preferentially bind to the surface of M-cells (Sicinski et al., 1990; Inman and Cantey, 1983; Wolf et al., 1981) , a process that is regarded as the initial step for their uptake or invasion. Neutra et al. (1987) demonstrated that adherence of antigens to the M-cell surface considerably improves the efficiency of the uptake. However, the mechanisms that mediate selective adhesion of antigens to the surface of M-cells are still poorly understood. It is known that, in general, lectin-like adhesins on the outer membrane of various microorganisms are involved in the adherence, binding to specific carbohydrates on epithelial surfaces (Wenneriis et Ofek and Sharon, 1988; Yamamoto et al., 1988; Sharon, 1987) . The present findings clearly demonstrate that, in the epithelium of the tonsil crypts, M-cell-specific glycoproteins and/or glycolipids are present which might serve as binding sites for microorganisms and microbial antigens.
The lectin binding pattern observed in the present study closely resembles that described for M-cells in the rabbit cecum. At both locations, fucose and N-acetyl-galactosamine residues are restricted to the M-cells, and galactose residues are found on the remaining cells (Gebert and Hach, 1993; Jepson et al., 1993a) . Because both oropharynx and cecum are heavily populated by bacteria (Miller, 1990; Hill and Drasar, 1975) , the M-cell-specific glycoconjugates might represent adaptations to the local microbial flora that allow the selective uptake of microbial antigens for the initiation of immunological tolerance against these bacteria. This view is supported by the absence of M-cell-specific glycoconjugates in the small intestine of rabbits and rats (Jepson et al., 1995; Gebert and Hach, 1993; Owen and Bhalla, 1983 ) -a habitat in which the indigenous microbial flora probably plays a minor role (Savage, 1977) . In addition, the cecum of mice, which normally contains large numbers of indigenous bacteria (Koopman et al., l983) , bears M-cells that considerably differ in their lectin binding pattern from those in the small intestinal Peyer's patches (Clark et al., 1994 (Clark et al., ,1995 Giannasca et al., 1994) . The absence of certain carbohydrates on M-cells, as shown for galactose (Jepson et al., 1995; Gebert and Hach, 1993;  and the present study), could further prevent pathogenic microorganisms which bind via these saccharides from adhering, and hence from invading the mucosa across the M-cells.
In conclusion, this study shows that lectins define and differentiate M-cells as a separate cell type in the crypt epithelium of the rabbit palatine tonsil. The M-cell-specific carbohydrates on the apical membrane of the M-cells could be targeted by indigenous or pathogenic microorganisms, and therefore could play a significant role in the initiation of immune response, tolerance, and infection. Since data on the presence and ultrastructural characteristics of M-cells in the tonsils of humans are controversial (Perry, 1994; Howie, 1980) , further studies are needed to elucidate whether human M-cells possess surface specializations which could be exploited for oral drug and vaccine delivery in the future.
